Variation in the presence or absence of transposable elements (TEs) is a major source of genetic 2 variation between individuals. Here, we identified 23,095 TE presence/absence variants between 216 3 Arabidopsis accessions. Most TE variants were rare, and we find a burden of rare variants associated 4 with local extremes of gene expression and DNA methylation levels within the population. Of the 5 common alleles identified, two thirds were not in linkage disequilibrium with nearby SNPs, implicating 6 these variants as a source of novel genetic diversity. Nearly 200 common TE variants were associated 7 with significantly altered expression of nearby genes, and a major fraction of inter-accession DNA 8 methylation differences were associated with nearby TE insertions. Overall, this demonstrates that 9 TE variants are a rich source of genetic diversity that likely plays an important role in facilitating 10 epigenomic and transcriptional differences between individuals, and indicates a strong genetic basis 11 for epigenetic variation. 12 1 130 classifications are not definitive, as there will be rare cases where a true TE deletion has spread 131 through the population and becomes the common allele, it will correctly classify most TE variants. 132 Overall, 72.3% of the TE absence variants identified with respect to the Col-0 reference genome were 133 likely due to a true TE deletion in these accessions, while 4.8% were due to insertions in Col-0 not 134 shared by other accessions in the population (Table 2) . Overall, we identified 15,077 TE insertions, 135 5,856 true TE deletions, and 2,162 TE variants at a high MAF that were unable to be classified as an 136 4
Introduction
Transposable elements (TEs) are mobile genetic elements present in nearly all studied organisms, and 14 comprise a large fraction of most eukaryotic genomes. The two classes of TEs are retrotransposons 15 (type I elements), which transpose via an RNA intermediate requiring a reverse transcription reaction, 16 and DNA transposons (type II elements), which transpose via either a cut-paste or, in the case of 17 Helitrons, a rolling circle mechanism with no RNA intermediate [1] . TE activity poses mutagenic 18 potential as a TE insertion may disrupt functional regions of the genome. Consequently, safeguard 19 mechanisms have evolved to suppress this activity, including the methylation of cytosine nucleotides 20 (DNA methylation) to produce 5-methylcytosine (mC), a modification that can induce transcriptional 21 silencing of the methylated locus. In Arabidopsis thaliana (Arabidopsis), DNA methylation occurs in all 22 three DNA sequence contexts: mCG, mCHG, and mCHH, where H is any base but G. Establishment 23 of DNA methylation marks can be carried out by two distinct pathways -the RNA-directed DNA 24 methylation pathway guided by 24 nucleotide (nt) small RNAs (smRNAs), and the DDM1/CMT2 25 pathway [2, 3] . A major function of DNA methylation in Arabidopsis is in the transcriptional silencing of 26 TEs. Loss of DNA methylation due to mutations in genes essential for its establishment or maintenance 27 leads to expression of previously silent TEs, and in some cases transposition [2, [4] [5] [6] [7] [8] . 28 TEs are thought to play an important role in evolution, not only because of the disruptive potential of 29 their transposition. The release of transcriptional and post-transcriptional silencing of TEs can lead to 30 bursts of TE activity, rapidly generating new genetic diversity [9] . TEs may carry regulatory information 31 such as promoters and transcription factor binding sites, and their mobilization may lead to the 32 creation or expansion of gene regulatory networks [10] [11] [12] [13] . Furthermore, the transposase enzymes 33 required and encoded by TEs have frequently been domesticated and repurposed as endogenous 34 proteins, such as the DAYSLEEPER gene in Arabidopsis, derived from a hAT transposase enzyme 35 [14]. Clearly, the activity of TEs can have widespread and unpredictable effects on the host genome. 36 However, the identification of TE presence/absence variants in genomes has remained difficult to 37 date. It is challenging to identify the structural changes in the genome caused by TE mobilization 38 using current short-read sequencing technologies as these reads are typically mapped to a reference 39 genome, which has the effect of masking structural changes that may be present. However, in terms 40 of the number of base pairs affected, a large fraction of genetic differences between Arabidopsis 41 accessions appears to be due to variation in TE content [15, 16] . Therefore identification of TE 42 variants is essential in order to develop a more comprehensive understanding of the genetic variation 43 that exists between genomes, and of the consequences of TE movement on genome and cellular 44 function. 45 The tools developed previously for identification of novel TE insertion events have several limitations. 46 They either require a library of active TE sequences, cannot identify TE absence variants, are not 47 designed with population studies in mind, or suffer from a high degree of false-negatives [16] [17] [18] [19] . 48 In order to accurately map the locations of TE presence/absence variants with respect to a refer-49 ence genome, we have developed a novel algorithm, TEPID (Transposable Element Polymorphism 50 IDentification), which is designed for population studies. We tested our algorithm using both sim-51 ulated and real Arabidopsis sequencing data, finding that TEPID is able to accurately identify TE 52 presence/absence variants with respect to the Col-0 reference genome. We applied our TE variant 53 identification method to existing genome resequencing data for 216 different Arabidopsis accessions 54 [20], identifying widespread TE variation amongst these accessions and enabling exploration of TE 55 2 diversity and links to gene regulation and epigenomic variation. 56 
Results

57
Computational identification of TE presence/absence variation 58 We developed TEPID, an analysis pipeline capable of detecting TE presence/absence variants from 59 paired end DNA sequencing data. TEPID integrates split and discordant read mapping information, 60 read mapping quality, sequencing breakpoints, as well as local variations in sequencing coverage to 61 identify novel TE presence/absence variants with respect to a reference TE annotation (Figure 1 ; see 62 methods). This typically takes 5-10 minutes per accession for Arabidopsis genomic DNA sequencing 63 data at 20-40x coverage, excluding the read mapping step. After TE variant discovery has been 64 performed, TEPID then includes a second refinement step designed for population studies. This 65 examines each region of the genome where there was a TE insertion identified in any of the analyzed 66 samples, and checks for evidence of this insertion in all other samples. In this way, TEPID leverages 67 TE variant information for a group of related samples to reduce false negative calls within the group. 68 Testing of TEPID using simulated TE variants in the Arabidopsis genome showed that it was able 69 to reliably detect simulated TE variants at sequencing coverage levels commonly used in genomics 70 studies ( Figure 1 -figure supplement 1 ). 71 In order to further assess the sensitivity and specificity of TE variant discovery using TEPID, we 72 identified TE variants in the Landsberg erecta (Ler ) accession, and compared these with the Ler 73 genome assembly created using long PacBio sequencing reads [21] . Previously published 100 74 bp paired-end Ler genome resequencing reads [22] were first analyzed using TEPID, enabling 75 identification of 446 TE insertions ( Figure 1 -source data 1) and 758 TE absence variants ( Figure   76 1 -source data 2) with respect to the Col-0 reference TE annotation. Reads providing evidence for 77 these variants were then mapped to the Ler reference genome, generated by de novo assembly 78 using Pacific Biosciences P5-C3 chemistry with a 20 kb insert library [21], using the same alignment 79 parameters as were used to map reads to the Col-0 reference genome. This resulted in 98.7% of 80 reads being aligned concordantly to the Ler reference, whereas 100% aligned discordantly or as 81 split reads to the Col-0 reference genome (Table 1) . To find whether reads mapped to homologous 82 regions in both the Col-0 and Ler reference genomes, we conducted a blast search [23] using the 83 DNA sequence between read pair mapping locations in the Ler genome against the Col-0 genome, 84 and found the top blast result for 80% of reads providing evidence for TE insertions, and 89% of 85 reads providing evidence for TE absence variants in Ler, to be located within 200 bp of the TE variant 86 reported by TEPID. Thus, reads providing evidence for TE variants map discordantly or as split reads 87 when mapped to the Col-0 reference genome, but map concordantly to homologous regions of the 88 Ler de novo assembled reference genome, indicating that structural variation is present at the sites 89 identified by TEPID, and that this is resolved in the de novo assembled genome. 90 To estimate the rate of false negative TE absence calls made using TEPID, we compared our Ler TE 91 absence calls to the set of TE absences in Ler genome identified previously by aligning full-length 92 Col-0 TEs to the Ler reference using BLAT [16] . We found that 89.6% (173/193) of these TE absences 93 were also identified using TEPID, indicating a false negative rate of~10% for TE absence calls. To 94 3 determine the rate of false negative TE insertion calls, we ran TEPID using 90 bp paired-end Col-0 95 reads (Col-0 control samples from [24] ), aligning reads to the Ler PacBio assembly. As TEPID 96 requires a high-quality TE annotation to discover TE variants, which is not available for the Ler 97 assembly, we looked for discordant and split read evidence at the known Col-0-specific TE insertion 98 sites [16] , and found evidence reaching the TEPID threshold for a TE insertion call to be made at 99 89.6% (173/193) of these sites, indicating a false negative rate of~10%. However, it should be noted 100 that this estimate does not take into account the TEPID refinement step used on large populations, 101 and so the false negative rate for samples analyzed in the population from Schmitz et al. (2013) is 102 likely to be lower than this estimate, as each accession gained on average 4% more insertion calls . This may indicate that these regions do not act as 153 a "TE sink" as has been previously proposed, or that the "TE sink" activity is restricted to very recent 154 insertions, as the insertions we analysed in this population were likely older than those used in the 155 KEE study [26] . source data 4). 169 We further examined Arabidopsis (Col-0) DNA sequencing data from a transgenerational stress 170 experiment to investigate the possible minimum number of generations required for TE variants to 171 arise [24] . In one of the three replicates subjected to high salinity stress conditions, we identified a 172 single potential TE insertion in a sample following 10 generations of single-seed descent, while no 173 TE variants were identified in any of the three control single-seed descent replicate sets. However, 174 without experimental validation it remains unclear if this represents a true variant. Therefore, we 175 conclude that TE variants may arise at a rate less than 1 insertion in 60 generations under laboratory 176 conditions. Further experimental work will be required to precisely determine the rate of transposition 177 in Arabidopsis. 205 To determine whether the newly discovered TE variants may affect nearby gene expression, the 206 steady state transcript abundance within mature leaf tissue was compared between accessions with 207 and without TE insertions or deletions, for genes with TE variants located in the 2 kb gene upstream 208 region, 5' UTR, exons, introns, 3' UTR or 2 kb downstream region ( Figure 4A ). While the steady state 209 transcript abundance of most genes appeared to be unaffected by the presence of a TE, 196 genes 210 displayed significant differences in transcript abundance linked with the presence of a TE variant, 211 indicating a role for these variants in the local regulation of gene expression (1% false discovery rate; 212 >2-fold change in transcript abundance; Figure 4A , Figure 4 -source data 1). No functional category 213 enrichments in this set of differentially expressed genes were identified. As rare TE variants with 214 a MAF less than 3% may also be associated with a difference in transcript abundance, but were 215 unable to be statistically tested due to their rarity, a burden test for enrichment of rare variants in the 216 extremes of expression was performed [28] . Briefly, this method counts the frequency of rare variants 217 within each gene expression rank in the population, and aggregates this information over the entire 218 population to determine whether an enrichment of rare variants exists within any gene expression 219 6 rank. A strong enrichment for gene expression extremes was observed for TE variants in all gene 220 features tested ( Figure 4B ). While TE variants in gene upstream regions showed a strong enrichment 221 of both high and low gene expression ranks, TE variants in exons or gene downstream regions had 222 a stronger enrichment for low expression ranks than high ranks. Randomization of the accession 223 names removed these enrichments completely ( Figure 5C ). This suggests that the accessions containing this TE insertion within AtRLP18 244 may have an increased susceptibility to certain bacterial pathogens. 245 Some TE variants were also associated with increased expression of nearby genes. For example, 246 the presence of a TE within the upstream region of a gene encoding a pentatricopeptide repeat 247 (PPR) protein (AT2G01360) was associated with higher transcript abundance of this gene ( Figure   248 5D, E). Transcription appeared to begin at the TE insertion point, rather than the transcriptional 249 start site of the gene ( Figure 5D ). Accessions containing the TE insertion had significantly higher 250 AT2G01360 transcript abundance than the accessions without the TE insertion (p < 1.8 × 10 −7 , 251 Mann-Whitney U test). The apparent transcriptional activation, linked with the presence of a TE 252 belonging to the HELITRON1 family, indicates that this element may carry regulatory information 253 that alters the expression of genes downstream of the TE insertion site. Importantly, this variant 254 was classified as a low-LD TE insertion, as it is not in LD with surrounding SNPs, and therefore the 255 associated changes in gene transcript abundance would not be linked to genetic differences between 256 the accessions using only SNP data. This TE variant was also upstream of QPT (AT2G01350), 257 involved in NAD biosynthesis [31], which did not show alterations in transcript abundance associated 258 with the presence of the TE insertion, indicating a potential directionality of regulatory elements 259 carried by the TE (Figure 5D , E). Overall, these examples demonstrate that TE variants can have 260 unpredictable, yet important, effects on the expression of nearby genes, and these effects may be 261 missed by studies focused on genetic variation at the level of SNPs. 262 7 TE variants explain many DNA methylation differences between accessions 263 As TEs are frequently highly methylated in , the DNA methylation state surrounding 264 TE variant sites was assessed to determine whether TE variants might be responsible for differences 265 in DNA methylation patterns previously observed between the wild accessions [20] . TE variants were 266 often physically close to DMRs ( Figure 6A ). Furthermore, C-DMRs were more often close to a TE 267 variant than expected, whereas CG-DMRs were rarely close to TE insertions or TE deletions (Table   268 3). Overall, 54% of the 13,482 previously reported population C-DMRs were located within 1 kb of 269 a TE variant (predominantly TE insertions), while only 15% of CG-DMRs were within 1 kb of a TE 270 variant (Table 3 ). For C-DMRs, this was significantly more than expected by chance, while it was 271 significantly less than expected for CG-DMRs (p < 1 × 10 −4 , determined by resampling 10,000 times). 272 Of the C-DMRs that were not close to a TE variant, 3,701 (27% of all C-DMRs) were within 1 kb Figure 7D ). TE deletions were more vari-322 ably correlated with local DNA methylation levels, but also showed a bias towards positive correlations 323 for TE deletions distant from the centromeres. As methylome data was available for both leaf and 324 bud tissue for 12 accessions, this analysis was repeated comparing between tissue types, but no 325 differences were observed in the patterns of methylation surrounding TE variant sites between the 326 two tissues (Figure 7 -figure supplement 1) . 327 These results indicate that local DNA methylation patterns are influenced by the differential TE content 328 between genomes, and that the DNA methylation-dependent silencing of TEs may frequently lead to 329 the formation of DMRs between wild Arabidopsis accessions. TE insertions appear to be important 330 in defining local patterns of DNA methylation, while DNA methylation levels often remain elevated 331 following a TE deletion, and so are independent from the presence or absence of TEs in these cases. 332 Importantly, the distance from a TE insertion to the centromere appears to have a strong impact 333 on whether an alteration of local DNA methylation patterns will occur. This is likely due to flanking 334 sequences being highly methylated in the pericentromeric regions, and so the insertion of a TE 335 cannot further increase levels of DNA methylation. Overall, a large fraction of the population C-DMRs 336 previously identified between wild accessions are correlated with the presence of local TE variants. 337 CG-DMR methylation levels appear to be mostly independent from the presence/absence of common 338 TE variants, while rare TE variants have an impact on DNA methylation levels at both C-DMRs and 339 CG-DMRs. This analysis was aided by the high sensitivity of TEPID to detect TE variants, enabling 340 the identification of 8x more variants than has been reported previously in the population [16], allowing 341 a thorough assessment of the impact of TE variants on DNA methylation patterns. To test the significance of each pairwise correlation, bootstrap p-value estimates were collected 348 based on 500 permutations of accession labels. TE-DMR associations were deemed significant if 349 they had an association more extreme than any of the 500 permutations (p < 1/500). A band of 350 significant associations was observed for TE insertions and their nearby C-DMRs, signifying a local 351 association between TE insertion presence/absence and C-DMR methylation ( Figure 8A ). This local 352 association was not as strong for TE deletions (Figure 8B) , consistent with our above findings. While 353 TE variants and DNA methylation showed a local association, it is also possible that TE variation may 354 influence DNA methylation states more broadly in the genome, perhaps through production of trans-355 acting smRNAs or inactivation of genes involved in DNA methylation establishment or maintenance. 356 To identify any potential enrichment of C-DMRs regulated in trans, the total number of significant 357 associations was summed for each TE variant across the whole genome ( Figure 8A and B, top 358 panels). At many sites, far more significant associations were found than expected due to the false 359 positive rate alone. This suggested the existence of many putative trans associations between TE 360 variants and genome-wide C-DMR methylation levels. These C-DMRs that appeared to be associated 361 with a TE insertion in trans were further examined, checking for TE insertions near these C-DMRs 362 that were present in the same accessions as the trans associated TE, as these could lead to a false 363 trans association. These were extremely rare, with only 4 such cases for TE insertions, and 38 cases 364 for TE deletions, and so were unable to explain the high degree of trans associations found. Overall, 365 this analysis suggests that certain TE variants may affect DNA methylation levels more broadly in the 366 genome, as their effects upon DNA methylation are not necessarily limited to nearby DNA sequences.
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Relationship between TE variants and single nucleotide polymorphisms
TE variants affect gene expression
367
Discussion
368
Here we have discovered widespread differential TE content between wild Arabidopsis accessions, 369 and explored the impact of these variants upon transcription and DNA methylation at the level of 370 individual accessions. Most TE variants were due to the de novo insertion of TEs, while a smaller 371 subset was likely due to the deletion of ancestral TE copies, mostly around the pericentromeric 372 regions. A subset (32%) of TE variants with a minor allele frequency above 3% were able to be 373 tested for linkage with nearby SNPs. The majority of these TE variants were not in LD with SNPs, 374 indicating that they represent genetic variants currently overlooked in genomic studies. A marked 375 depletion of TE variants within gene bodies and DNase I hypersensitivity sites (putative regulatory 376 regions) is consistent with the more deleterious TE insertions being removed from the population 377 through selection. Of those TE variants found in gene bodies, TE deletions were overrepresented, 378 indicating that the loss of ancestral TEs inserted within genes may be more frequent, or perhaps less 379 deleterious, than the de novo insertion of TEs into genes. 380 The high sensitivity of our TE variant detection method allowed identification of 8x more variants 381 than has been reported previously [16] , and the identification of such a large number of TE variants 382 (23,095) in this population gave an opportunity to form statistically robust correlations between TE 383 presence/absence and transcript abundance from nearby genes, as well as genome-wide patterns of 384 DNA methylation. Examples were identified where TE variants appear to have an effect upon gene 385 expression, both in the disruption of transcription and in the spreading or disruption of regulatory 386 information leading to the transcriptional activation of genes, indicating that these TE variants can 387 10 have important consequences upon the expression of protein coding genes ( Figure 5 ). In one 388 case, these changes in gene expression could be linked with phenotypic changes, with accessions 389 containing a TE insertion more frequently sensitive to bacterial infection. Further experiments will 390 be needed to establish a causal link between this TE insertion and the associated phenotype. An 391 analysis of rare TE variants, present at a low MAF, further strengthened this relationship between TE 392 presence/absence and altered transcript abundance, as a strong enrichment of rare TE variants in 393 accessions with extreme gene expression ranks in the population was identified. 394 Importantly, we provide evidence that differential TE content between genomes of Arabidopsis the Yaha alignment using Samblaster [38] . Alignments are then converted to bam format, sorted, and 434 indexed using samtools [40] . 435 
TE variant discovery 436
The 'tepid-discover' algorithm examines mapped bam files generated by the 'tepid-map' step to identify 437 TE presence/absence variants with respect to the reference genome. Firstly, mean sequencing 438 coverage, mean library insert size, and standard deviation of the library insert size is estimated. 439 Discordant read pairs are then extracted, defined as mate pairs that map more than 4 standard 440 deviations from the mean insert size from one another, or on separate chromosomes. 441 To identify TE insertions with respect to the reference genome, split read alignments are first filtered 442 to remove reads where the distance between split mapping loci is less than 5 kb, to remove split reads 443 due to small indels, or split reads with a mapping quality (MAPQ) less than 5. Split and discordant 444 read mapping coordinates are then intersected using pybedtools [41, 42] with the Col-0 reference TE 445 annotation, requiring 80% overlap between TE and read mapping coordinates. To determine putative 446 TE insertion sites, regions are then identified that contain independent discordant read pairs aligned 447 in an orientation facing one another at the insertion site, with their mate pairs intersecting with the 448 same TE (Figure 1) . The total number of split and discordant reads intersecting the insertion site 449 and the TE is then calculated, and a TE insertion predicted where the combined number of reads 450 is greater than a threshold determined by the average sequencing depth over the whole genome 451 (1/10 coverage if coverage is greater than 10, otherwise a minimum of 2 reads). Alternatively, in the 452 absence of discordant reads mapped in orientations facing one another, the required total number of 453 split and discordant reads at the insertion site linked to the inserted TE is set higher, requiring twice 454 as many reads. 455 To identify TE absence variants with respect to the reference genome, split and discordant reads 456 separated >20 kb from one another are first removed, as 99.9% of Arabidopsis TEs are shorter than 457 20 kb, and this removes split reads due to larger structural variants not related to TE diversity ( Figure   458 2 -figure supplement 7). Col-0 reference annotation TEs that are located within the genomic region 459 spanned by the split and discordant reads are then identified. TE absence variants are predicted 460 where at least 80% of the TE sequence is spanned by a split or discordant read, and the sequencing 461 depth within the spanned region is <10% the sequencing depth of the 2 kb flanking sequence, and 462 there are a minimum number of split and discordant reads present, determined by the sequencing 463 depth (1/10 coverage; Figure 1) . A threshold of 80% TE sequence spanned by split or discordant 464 reads is used, as opposed to 100%, to account for misannotation of TE sequence boundaries in the 465 Col-0 reference TE annotation, as well as TE fragments left behind by DNA TEs during cut-paste 466 12 transposition (TE footprints) that may affect the mapping of reads around annotated TE borders [43] . 467 Furthermore, the coverage within the spanned region may be more than 10% that of the flanking 468 sequence, but in such cases twice as many split and discordant reads are required. If multiple TEs are 469 spanned by the split and discordant reads, and the above requirements are met, multiple TEs in the 470 same region can be identified as absent with respect to the reference genome. Absence variants in the TE insertion or not. 492 While the above description relates specifically to use of TEPID for identification of TE variants in 493 Arabidopsis in this study, this method can be also applied to other species, with the only prerequisite 494 being the annotation of TEs in a reference genome and the availability of paired-end DNA sequencing 495 data. 497 To test the sensitivity and specificity of TEPID, 100 TE insertions (50 copy-paste transpositions, 50 498 cut-paste transpositions) and 100 TE absence variants were simulated in the Arabidopsis genome 499 using the RSVSim R package, version 1.7.2 [44], and synthetic reads generated from the modified 500 genome at various levels of sequencing coverage using wgsim [40] (https://github.com/lh3/wgsim). 501 These reads were then used to calculate the true positive, false positive, and false negative TE variant 502 discovery rates for TEPID at various sequencing depths, by running 'tepid-map' and 'tepid-discover' 503 using the simulated reads with the default parameters (Figure 1 -figure supplement 1) . 504 
496
TE variant simulation
13
Estimation of sensitivity 505 Previously published 100 bp paired end sequencing data for Ler (http://1001genomes.org/data/MPI/ 506 MPISchneeberger2011/releases/current/Ler-1/Reads/; [22] ) was downloaded and analyzed with the 507 TEPID package to identify TE variants. Reads providing evidence for TE variants were then mapped to 508 the de novo assembled Ler genome [21] . To determine whether reads mapped to homologous regions 509 of the Ler and Col-0 reference genome, the de novo assembled Ler genome sequence between 510 mate pair mapping locations in Ler were extracted, with repeats masked using RepeatMasker with 511 RepBase-derived libraries and the default parameters (version 4.0.5, http://www.repeatmasker.org).
512
A blastn search was then conducted against the Col-0 genome using the following parameters: [20]. To find differential gene expression dependent on TE presence/absence variation, 572 we first filtered TE variants to include only those where the TE variant was shared by at least 5 573 accessions with RNA data available. We then grouped accessions based on TE presence/absence 574 variants, and performed a Mann-Whitney U test to determine differences in RNA transcript abundance 575 levels between the groups. We used q-value estimation to correct for multiple testing, using the R 576 qvalue package v2.2.2 with the following parameters: lambda = seq(0, 0.6, 0.05), smooth.df = 4 [48] . 577 Genes were defined as differentially expressed where there was a greater than 2 fold difference in 578 15 expression between the groups, with a q-value less than 0.01. Gene ontology enrichment analysis 579 was performed using PANTHER (http://pantherdb.org). 581 Processed base-resolution DNA methylation data for wild Arabidopsis accessions were downloaded 582 from NCBI GEO GSE43857 [20] , and used to construct MySQL tables in a database. 584 To assess the effect of rare TE variants on gene expression or DMR DNA methylation levels, we 585 tested for a burden of rare variants in the population extremes, essentially as described previously 586 [28] . For each rare TE variant near a gene or DMR, we ranked the gene expression level or DMR DNA 587 methylation level for all accessions in the population, and tallied the ranks of accessions containing a 588 rare variant. These rank counts were then binned to produce a histogram of the distribution of ranks. 589 We then fit a quadratic model to the counts data, and calculated the R 2 and p-value for the fit of the 590 model. 592 Accessions were subset to those with both leaf DNA methylation data and TEPID calls. Pairwise 593 correlations were performed for observed data pairs for each TE variant and a filtered set of population 594 C-DMRs, with those C-DMRs removed where more than 15% of the accessions had no coverage. 595 This amounted to a final set of 9,777 C-DMRs. Accession names were then permuted to produce 596 a randomized dataset, and pairwise correlations again calculated. This was repeated 500 times to 597 produce a distribution of expected Pearson correlation coefficients for each pairwise comparison. 598 Correlation values more extreme than any of the 500 permutations were deemed significant. 
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DNA methylation data analysis
583
Rare variant analysis
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TE variant and DMR genome-wide association analysis
